Introduction
The present crystallographic study of compound (I) was undertaken as part of a study of the photochemistry of asymmetrically substituted 1,4-naphthoquinone systems (Ariel, Evans, Hwang, Jay, Scheffer, Trotter & Wong, 1985; . (I) The tetrahydronaphthoquinone ring system can exist as two low-energy conformers, A and B (Fig. 1) ; both have fused six-membered rings with half-chair conformations, and are folded and twisted about the C(4a)-C(8a) bond. For consistency with previous studies of naphthoquinols (Trotter, 1983) , conformer A is here defined as that with a C(5) H atom in a position suitable for abstraction by the ene-dione C=C bond, and B with an abstractable C(8) H atom. A and B conformers can be interconverted by ring 'flipping' involving single-bond rotation, via a higher-energy conformation, such as C, with eclipsed 4a/8a bridgehead substituents (Fig. 1) .
All the tetrahydronaphthoquinones studied previously (Phillips & Trotter, 1977) are symmetrically substituted, so that conformers A and B are exactly equivalent (but enantiomorphic; however, all the materials studied are racemates, so that both enantiomers are present). Recently the crystal structures of the tetrahydronaphthoquinone analogues (II) and (III) have been determined ; these molecules are asymmetric because of the C(4a)--Me substituent. For (II), only conformer B is found in the solid state* (Fig. 1) , with the C(4a)-Me substituent in a pseudo-axial site on the half-chair cyclohexenedione ring; for (III), only conformer A is present in the * In , the conformation of compound (II) was arbitrarily named A, and that of (III) B; these labels are here interchanged, for consistency with the present paper and with previous descriptions of the tetrahydronaphthoquinols (Trotter, 1983) . crystal, with a pseudo-equatorial C(4a)-Me substituent on the cyclohexenedione ring. A qualitative study of the molecular structures of (II) and (III) suggests that conformation B is slightly more stable for these molecules, since conformation A exhibits unfavourable 1-3 diaxial steric interactions between the cyclohexenedione pseudo-equatorial C(4a)-Me group (which is pseudo-axial on the central ring) and the pseudo-axial H atom on C(8) of the central ring. This was confirmed by molecular-mechanics calculations, using the MMP2 computer program (Allinger & Flanagan, 1983) , which determined the energy differences between the A and B conformations of both compounds. Although the energy differences are small, they are in accord with conformation B being slightly more stable than A, by 0.4 and 1.2 kJ mol -~ for (II) and (liD, respectively .
We report here the crystal structure of compound (I), and utilize the structural data to determine the energies of conformational inversion in these systems.
Experimental
Crystal size 0.2 x 0.3 x 0.5 mm, m.p. 366-367 K, Enraf-Nonius CAD-4 diffractometer, graphite-monochromatized Mo Kct radiation; lattice parameters from settings of 19 reflections with 6 _<O< 16°; 4590 reflections measured with 0<25 °, h=-22 to 22, k=0-6, /=0-26; o9-(2/3)0 scan, og-scan width (1.00+ 0.35tan0) °, extended 25% on each side for background measurement, horizontal aperture (1.0 + tan0) mm, vertical aperture 4 mm; Lp correction. Three standard reflections (128, 523, 901) were monitored every hour of exposure time for random intensity fluctuations, and every 150 reflections for orientation control; intensity decay during data collection of 17%, although corrected, limited the accuracy of the data set. Structure was solved by direct methods using SHELX76 (Sheldrick, 1976) and refined by full-matrix least squares minimizing ~w(IFol -I Fcl) 2. Except for the ethylenic H atom (located in a difference synthesis), all H atoms were placed in calculated positions; methyl H atoms were then refined as rigid groups possessing a local C 3 symmetry; temperature factors of all H atoms were refined isotropically. 327 parameters refined consisting of l l4 positional parameters, 180 anisotropic temperature factors, 32 isotropic temperature factors, and a scale factor. No corrections for absorption. Five intense low-order reflections omitted (1968) and Stewart, Davidson & Simpson (1965) . The high final value of R is a result of the poor quality of the crystal available.
Discussion
Final atomic coordinates for (I) are in Table 1 , and bond distances, bond angles and selected torsion angles in Table 2 .* Crystals of (I) contain two molecules, (Ia) and (Ib), in the asymmetric unit, each molecule having the usual twisted conformation (Phillips & Trotter, 1977) . The most important and interesting feature of the structure is that the two independent molecules have different low-energy conformations, conformation A for molecule (Ia) and B for (Ib) (Fig. 2) . The degrees of 'twist' are shown by the torsion angles C(5)-C(4a)-C(8a)-C(1), 70 (1) ° for (Ia), and C(4)-C(4a)-C(8a)-C(8), -70 (1) solid state indicating the presence of the two conformers (Northcote, 1985) . The ring systems in the two molecules are enantiomeric and, because of the presence of the C(2)-Me substituent, the two molecules are diastereomers (which are interconvertible in solution); the material is racemic, so that both enantiomers of both diastereomers are present in the crystal. Molecules (Ia) and (Ib) are related in the crystal approximately by reflection in a plane at x = 0.87, plus translation, y = 0.80, z = 0.17 [except for methyl group C(21)] (Fig. 3) . Bond lengths and angles in molecules (Ia) and (Ib) ( Table 2) are generally close to normal values. There is some apparent asymmetry in both molecules with bonds C(4)-C(4a) in molecule (la) and C(1)-C(8a) in molecule (Ib), which are both equatorial with respect to the cyclohexene ring, shorter [at 1.489 (11) and 1.486 (10)A, respectively[ than the same bonds in the other molecule, which are axial [1.533 (11) and 1.545 (10)A, respectively], there are also related differences in bond angles at C(4a) and C(8a), e.g. C(4)-C(4a)-C(5)= 106.3 (5) and 113.7 (6) °, C(1)-C(8a)-C(8) = 113.5 (6) and 108.7 (5) °, in (Ia) and (Ib), respectively. Such asymmetry has not been observed previously in tetrahydronaphthoquinone systems (Phillips & Trotter, 1977) and while it may possibly result from the asymmetry in C(2)/C(3) substitution, it may also be an artifact resulting from the rather poor-quality diffraction data.
Three principal reaction pathways are found in photolysis of tetrahydronaphthoquinones; the relevant structural data for possible pathways for compound (I) are:
(1) (2+2) intermolecular cycloaddition in the solid state. The C(2)=C(3) bonds of molecules (Ia) (x, l+y, z) and (Ib) (x, y, z) are almost antiparallel, and separated by 3.9 ~ [C(2)(Ia)...C(3)(Ib) = 3.94 (1) A, C(3)(Ia)...C(2)(Ib)= 3.87 (1)A] (Fig. 4) , an ideal arrangement for photoaddition to give a dimeric product (Trotter, 1983) . Bond lengths (A), bond angles (o) O = 2.44, 2.46A, r (angle subtended by the O...Hfl vector and its projection on the  plane of the carbonyl group)= 7, 5 °, and C=O...  H=85, 85 ° (ideal values are <2.7A, 0 and 90 ° ,  respectively) . The next step in the reaction involves C(1)...C(6) [or C(4)...C(7)] bonding, with 3.56(1)   Fig. 4. Stereoview of molecules (Ia) and (Ib) aligned for (2 + 2) photodimerization.
H atom from C(5) by 0(4), the remaining two from the abstraction of an H atom from C(8) by O(1). The ratio of photoproducts obtained via these two routes (2:1) shows preference for the C(5)-H abstraction, since some extra stability is afforded to the allyl radical in the enedione ring by the C(2) methyl group. Two of the products involve C(1)-C(6) and C(4)-C(7) bond formation, for which no major conformational changes are needed. The other products require conformational inversion to allow C(3)-C(6), C(3)-C(8) and C(2)-C(5) bonding. There is some evidence that the C(1)-C(6) and C(4)-C(7) compounds may be the sole initial products, with the other products resulting from subsequent rearrangements of these initial products.
The solid-state photolysis is much slower than solution photolysis; this could be an intrinsic property of the solid-state reaction caused by the molecular rigidity associated with the crystal lattice or could be caused by the greater concentration of chromophores in the solid as compared with solution (Northcote, 1985) . The solid-state photoproducts are similar to those found in solution, indicating that fl-H abstraction by an O atom is again the favoured route. The C(1)-C(6) and C(4)-C(7) bonded molecules are the topochemically allowed photoproducts, but the occurrence of the other products indicates either loss of topochemical control, or subsequent rearrangement processes.
The absence in solution and in the solid state of photoproducts derived from y-H abstraction by enone C may be a result of the rather long Hy...C distances; in addition, this route has been observed previously only for 2,3-dimethyl-substituted molecules.
The solid-state photolysis gives a very small amount of dimeric product (Northcote, 1985) . However, the presence of a dimer peak and a (2M-18) peak in the mass spectrum indicates that it may be an alcoholic dimer, rather than a (2+2)-cycloaddition dimer. This suggests a possible intermolecular H-atom abstraction and subsequent dimerization, a reaction not previously reported in solid-state organic photochemistry. There is an intermolecular H...O contact of 2.54 A between an H atom of a C(21) Me group and O(4), although the r angle of 80 ° is not favourable for abstraction, and a C(21)...C(4) distance of 3.68 A. The absence of a (2+2) dimer may result from intermolecular steric compression between neighbouring C(21) methyl groups during a dimerization reaction (Ariel, Askari, Evans, Hwang, Jay, Scheffer, Trotter, Walsh & Wong, 1987) .
Conformational energies
The observation of two different molecular conformations, A and B, for the two molecules (Ia) and (Ib) of compound (I) afforded the opportunity of making a detailed study of the energy changes involved in their interconversion.
A qualitative examination of the molecular structure of (I) suggests that conformations A and B have equal energies, since the asymmetry introduced by the methyl group on C(2) is too far from the ring junction to exert any significant steric influence. A more-quantitative estimate of the energies was obtained from molecular-mechanics calculations, using the MMP2 program, which indicated equal conformational energies for the two conformers.
The molecular volumes of conformers A and B were calculated, to evaluate if there is any size difference between them. The van der Waals radii used were 1.75 A for C, 1.40 ,~ for O, and 1.17 ]k for H atoms. It was found that both conformers occupy the same molecular volume of 196 ,/k 3. These two conformers are thus of equal conformational energy and molecular volume. The reason for compound (I) exhibiting conformational dimorphism might be to achieve better crystal packing (Fig. 3) , although it is difficult to pinpoint any specific packing benefits of this particular arrangement.
The complete conformational-energy surface was now examined. To simplify the procedure, the analysis was performed for the parent compound, 4afl,5,8,8afltetrahydro-l,4-naphthoquinone; for this symmetrical compound, conformers A and B are enantiomers with identical energies, and detailed molecular-geometry parameters are available (Phillips & Trotter, 1977) . Reliable molecular parameters can also be obtained for the possible high-energy conformation C (Fig. 1) , based on the structure of compound (IV), in which the ethano bridge locks the molecule into a conformation with eclipsed ring-junction H atoms, and parallel C=C bonds separated by 3.53 A (Greenhough & Trotter, 1980) . The ene-l,4-dione ring of (IV) is close to planar, and the other six-membered rings have boat conformations. Conformation C was generated from (IV) by replacing the ethano group with two H atoms (Fig.  5) . Two other high-energy conformations, C' and C" (Fig. 5 ), were generated from C; C' was obtained by reflecting the C(5)-C(6)-C(7)-C(8) portion of C in the C(5)-C(4a)-C(8a)-C(8) plane; and C" by 55 ° rotation of the C(6)-C(7) region around C(5)...C(8), followed by minor adjustments of bond lengths and angles. 0 0 (IV)
The conformational energies of each of A-C" were calculated using the MMP2 program. The energyminimization procedure of MMP2 can result in large changes in total steric energy as a result of fairly minor changes in bond lengths and angles (including those involving H atoms) to fit the idealized parameters of MMP2. The conformational energy was therefore taken as the total steric energy, less the energy of bond compression and stretching, but including anglebending energy which is of importance in conformation C", where the planar cyclohexene ring is considerably strained. Conformations A and B are preserved in the energy-minimization process, which confirms that these are the most stable conformers. Conformations C and C' have approximately equal energies, but energy minimization results in major changes in conformation, with the final energy-minimized conformations being either A or B. The higher-energy conformation C" also results in A or B on energy minimization, via pathways which merge with those of the C, C'--,A, B routes. The intermediate points in these energy minimizations allow mapping of the complete conformationalenergy surface. This surface is shown in Fig. 6 , as a function of the ring-junction torsion angle (which changes from -60 to +60 ° in converting A to B) and of the total displacement of C(6) and C(7) from a mean plane through C(5)-C(4a)-C(8a)-C(8). The detailed contours in Fig. 6 are somewhat speculative, but are based on the calculated values of the energies for the conformations shown on the figure. The minimumenergy pathways for interconversion of conformers A and B are via the higher-energy conformations C or C' (Figs. 5 and 6), both pathways involving calculated energy barriers of about 33 kJ mol-~; this probably corresponds most closely to the enthalpy barrier. Previous temperature-dependent ~3C NMR measurements for 4a,8a-dimethyl-substituted compounds have indicated free-energy-barrier, AG~, values for the conformational inversions of about 37 kJ mol -~ (Ariel, Scheffer, Trotter & Wong, 1983) ; the calculated energy barriers therefore appear to be of the correct order of magnitude, and give some confidence that the calculated conformational-energy surface shown in Fig. 6 has some validity. Fig. 6 . Conformational energy surface for tetrahydro-l,4naphthoquinone. Energies in kJ mol-~; A = sum of displacements of C(6) and C(7) from C(5)-C(4a)-C(8a)-C(8) mean plane. Energies (see text) were calculated at conformations A (46 kJ mol-~), B (46), C (79), C' (79), C" (96), at various points in the region between C" and A, and on the minimization pathways. The least-energy paths from B to A (via C) and from C" to A are shown. state photochemistry, the Natural Sciences and Engineering Research Council of Canada for financial support, and the University of British Columbia Computing Centre for assistance.
